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ABSTRACT

A box inverse of the World Ocean Circulation Experiment A10 (30°S) and A11 (nominally 45°S) sections
in the South Atlantic Ocean was undertaken. The authors find a heat flux across A10 of 0.22 + 0.08 PW,
consistent with previous studies, and a heat flux of 0.43 = 0.08 PW across All. The A1l heat flux is lower
than some previous analyses of this section but implies a plausible oceanic heat convergence (heat loss to
the atmosphere) of 0.21 + 0.10 PW. The difference is principally due to adding a cyclonic component to the
circulation in the Cape Basin. As compared with the solution of other studies, the anticyclonic circulation
in the surface and intermediate water of the subtropical gyre is weakened. The circulation of the deep water
is cyclonic rather than anticyclonic; this is in better agreement with previously published circulation schemes
based on examination of water properties. A southward freshwater flux of 0.7 Sv (1 Sv =10°m?s™!) at A11,
consistent with previous inverse studies, is still inconsistent with the net Atlantic evaporation inferred from
integrated surface climatologies. Results suggest a small gain of freshwater (0.2 = 0.1 Sv) between the

sections.

1. Introduction

The overturning circulation in the South Atlantic
consists of surface and intermediate waters traveling
northward above North Atlantic Deep Water (NADW)
flowing southward; below that is found bottom water
that formed in the Antarctic, also flowing northward.
The surface and intermediate waters ultimately feed
the production of NADW in the northern limb of the
overturning. Determining the strength of this overturn-
ing circulation gives us insight into the elements that
contribute to the thermohaline circulation, as well as
allowing diagnosis of the net contribution of the ocean
to heat, freshwater, and nutrient fluxes in the South
Atlantic.

During the World Ocean Circulation Experiment
(WOCE), 10 coast-to-coast quasi-zonal sections were
occupied in the Atlantic. These were designed to mea-
sure the meridional fluxes of properties such as heat.
The two southernmost of these, designated A10 (30°S)
and A1l (nominally 45°S, Fig. 1), were occupied nearly
simultaneously between 27 December 1992 and 31
January 1993.

We use box inverse methods (Wunsch 1996) to pro-
duce a circulation with consistent fluxes of mass, heat,
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salt, and silicate through the A10 and A1l sections.
Although the sections were occupied nearly simulta-
neously, we do not intend to produce a circulation
scheme that represents the ocean state in that month.
Rather, we intend our solution to represent the mean
circulation. To this end we invoke the arguments made
by Bryden and Imawaki (2001) that the density field is
slowly varying and represents the mean circulation over
some time scale if average boundary currents and Ek-
man fluxes are used. An advantage of using such a
regional inverse with only two sections is that it is fea-
sible to make a careful study of detailed aspects of the
flow across each section. As well as the careful consid-
eration of boundary currents crucial to any inverse, we
also consider the flow in deep channels, effects of indi-
vidual eddies in the flux of properties, and the differ-
ences in circulation that cause the bulk diagnostics of
this solution to differ from those in other solutions, as
described below.

2. Heat and freshwater fluxes in the
South Atlantic

In a study of the fluxes on the WOCE A11 section,
Saunders and King (1995b, hereinafter SKb) diagnosed
a northward heat flux of 0.53 = 0.1 PW (Table 1). This
heat flux, calculated to represent a climatological mean,
was somewhat higher than previous South Atlantic heat
flux estimates (typically ~0.3 PW: e.g., Rintoul 1991
and Macdonald 1993). However, these estimates were
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Fi1G. 1. Positions of A10 and A1l CTD stations. The positions of the two rings sampled on A1l are marked. Surface circulation is
based on that of Stramma and England (1999).

made from sections that were up to 15° of latitude far-
ther north than the A1l section.

Integrated surface flux climatologies suggest uncer-
tainty about the oceanic heat convergence between
A11 and A10 in the South Atlantic. The Bunker fields
suggest convergence (heat loss to the atmosphere) of
~0.05 PW, while the Southampton Oceanography Cen-
tre (SOC) climatology (Josey et al. 1999) suggests a
divergence (heat gain by the ocean) of 0.2 PW. How-
ever, this divergence becomes a 0.1-PW convergence if
the SOC climatology is uniformly adjusted to account
for its global imbalance of 30 Wm ™2 This is almost
exactly equal to the 29 W m~? adjustment to the heat
flux that Grist and Josey (2003) calculated for the re-

gion between A10 and A1l when they adjusted the
SOC climatology using ocean heat transport constraints
including those from this study. Any of these results
falls short of the convergence of ~0.2 PW implied by
the SKb result.

The global box inverse study of Ganachaud (1999)
derived heat fluxes of 0.66 * 0.12 PW and 0.35 = 0.15
PW across A1l and A10, respectively (Table 1). This
gives an implied oceanic convergence of 0.31 * 0.19
PW. The magnitude of this convergence is high when
compared with the integrated surface flux climatolo-
gies. In an inverse analysis of South Atlantic hydro-
graphic sections Holfort and Siedler (2001) calculated
northward heat fluxes of 0.37 = 0.02 PW and 0.29 =

TABLE 1. Summary of previous estimates of mass (Tg s~! or Sv), heat (PW), and salt (Gg s~' or Sv psu) fluxes across A10 and A1l
sections (positive fluxes are northward).

A10 All
Salt Salt
Mass (Gg s lor Mass (Ggs'or
Source (Tg s~ or Sv) Heat (PW) Sv psu) (Tg s~ or Sv) Heat (PW) Sv psu)

Saunders and King (1995b) - - - 0 0.53 = 0.1 08 *=5.0
Ganachaud (1999) 1=3 0.35 +0.15 - 1£3 0.66 = 0.12 -
Ganachaud and Wunsch (2003) and 0 - —9 + 4% 0 9 * 5%

A. Ganachaud (2003, personal

communication)
Holfort and Siedler (2001) —-0.53 £0.03 029=*0.05 —26.75=*=0.77 —-0.56 £0.03 037 *+0.02 —26.37*=0.73
This study 0 0.22 + 0.08 -9.7+x29 0 0.43 = 0.08 -29+29

* These numbers are reported as fluxes of salinity anomaly relative to the section average salinity and as such are equivalent to the zero

net mass flux solution.
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0.05 PW across All and A10, respectively (Table 1).
The magnitude of the oceanic heat convergence that
they find is consistent with the integrated surface flux
climatologies. However, they describe difficulties when
they include the A1l section in their inversion. They
ascribe this inconsistency to intense mixing between the
A10 and A11 sections at the Brazil-Falklands (Malvi-
nas) confluence and water mass formation at the sub-
tropical and polar fronts, and the failure of their model
to accommodate these processes. We allow mixing be-
tween layers in this study.

In this study the net northward heat flux on All is
0.43 PW, smaller than SKb’s number of 0.53 PW and
Ganachaud’s (1999) 0.66 PW. The value of 0.22 PW at
A10 is consistent with previous published estimates
(Table 1). The solution we present has a convergence of
heat across the perimeter of the box, implying a net loss
to the atmosphere of 0.21 PW, with a formal uncer-
tainty (one standard error) of 0.1 PW. The statistics of
the determination are therefore marginal, but a net
heat loss to the atmosphere is likely.

In section 5 we will look at the elements of the cir-
culation that change, resulting in the different heat
fluxes in ours and other solutions. We will focus on A11
where the different solutions give the most widely vary-
ing results (Table 1).

SKb estimated a freshwater flux that was inconsistent
with the results of Wijffels et al. (1992). In a global
study of freshwater divergence based on the Baumgart-
ner and Reichel (1975) climatology, Wijffels et al. cal-
culated a climatological freshwater loss to the atmo-
sphere of 0.7 Sv (1 Sv = 10° m® s™!) over the Atlantic
between the Arctic and 35°S. This implies that the vol-
ume flux across All should be ~0.7 Sv less than that
through Bering Strait (approximate because All is on
average south of 35°S) while the salt flux is the same (as
salt is conserved). For a Bering Strait volume and salt
flux of 0.8 Sv and 26.0 Sv psu (Coachman and Aagaard
1988), then according to SKb, the freshwater flux across
A11 would need to be 0.75 Sv southward to conserve
salt (Table 2). This implies a near-zero freshwater di-
vergence over the Atlantic. In this study we intend to
combine the A10 and A11 sections to test the conclu-
sions of SKb, as suggested in the last paragraph of that
manuscript.

In a comprehensive review of ocean freshwater trans-

TABLE 2. Freshwater fluxes (Sv) across A10 and A1l sections
(positive fluxes are northward). These are calculated relative to a
Bering Strait throughflow of 0.8 Sv at an average salinity of 32.5.
Section average salinities are 34.81 on A10 and 34.65 on All.

Source A10 (Sv) All (Sv)
Saunders and King (1995b) - -0.75 = 0.1
Estimated from results of —-0.5%*0.1 —1.0+02
Ganachaud and Wunsch (2003)
Estimated from results of Holfort —0.51 +0.02 —0.55 * 0.02
and Siedler (2001)
This study -05x0.1 —-0.7 0.1
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port, Wijffels (2001) found that integrated surface flux
products gave Atlantic freshwater divergences of be-
tween 1.0 and —0.1 Sv between Bering Strait and 40°S,
although only 1 of the 11 climatologies shown in
Wijffels’ Fig. 6.2.7 has a negative divergence. The re-
maining 10 climatologies all require net freshwater loss
by the ocean between Bering Strait and 40°-45°S. The
median of the family is about 0.3 Sv: this is less than
that of Baumgartner and Reichel, but not small enough
to be consistent with the near-zero divergence of SKb
and Holfort and Siedler (2001). The same calculation
for the salt and salinity anomaly fluxes presented
by Holfort and Siedler (2001) and Ganachaud and
Wunsch (2003) give the freshwater fluxes shown in
Table 2. The southward freshwater flux of 0.5 Sv across
A10 derived from the results of Ganachaud and
Wunsch (2003) is very close to the fluxes derived from
our results and that from Holfort and Siedler (2001).
The freshwater flux on A1l (0.7 Sv) is close to that
calculated by SKb (0.75 Sv; Table 2). This solution sug-
gests a gain of freshwater from the atmosphere over the
domain of the box (0.2 = 0.1 Sv). The SOC climatology
gives an integrated freshwater flux of 0.01 Sv out of the
ocean between the A10 and A1l sections. This is in
comparison with a near-zero freshwater gain in the
Holfort and Siedler solution and a large 0.5-Sv gain in
the solution of Ganachaud and Wunsch (2003). Thus
our results and those of Ganachaud and Wunsch (2003)
are consistent with the observation of Wijffels (2001)
that several direct estimates give a near-zero freshwater
flux over the Atlantic. In section 5 we report that, when
we force the A10-A11 system to carry a salt flux con-
sistent with that at the Bering Strait and a near-zero
volume flux, we find that it gives an unrealistic circula-
tion.

3. Data used
a. Properties on sections

1) DATA PREPARATION

Potential temperature, salinity, and silicate sections
are shown in Figs. 2 and 3. The silicate data from bottle
samples were optimally interpolated (Roemmich 1983)
onto the 2-dbar grid of CTD data. Silicate data were
interpolated onto each point of the grid using neutral
density as the vertical coordinate. A geostrophic veloc-
ity profile was calculated for each station pair. The geo-
strophic velocity in the “bottom triangle” was set to be
the same as that at the deepest common level for the
station pair. The exception to this formulation was in
the Vema Channel on A10, detailed below. Properties
were extrapolated into the space between the bottom of
a CTD cast (the deeper of the station pair for geo-
strophic velocity) and the bathymetry beneath that sta-
tion by reproducing the deepest value.

McDonagh et al. (2002) found that the bottom tri-
angles in the deep Vema Channel were too deep (up to
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F1G. 2. (a) Potential temperature (°C), (b) salinity on the practical salinity scale, and (c)
silicate concentration (wmol kg~') along the A11 section. (d) The positions of the interfaces
of the layers used in the inversion in dashed and thick lines. Thick lines indicate the interfaces
between the four main water masses. Station positions and numbers are indicated at the
bottom of each plot. The unique Discovery station number is obtained by adding a “12” prefix

to the station numbers reported in these plots.

950 m) to accurately reproduce the transport of bottom
water using the velocity extrapolation scheme de-
scribed above. The Vema Channel is one of two deep
channels that accommodate the northward flow of Ant-
arctic Bottom Water (AABW) at this latitude. Accu-
rately representing the flow through this channel is cru-
cial to determining the overturning circulation. Indeed,
Vanicek and Siedler (2002) ascribe unrealistic structure
in the bottom-water sublayers in their South Atlantic
inverse to be the result of poor resolution of the flow in
the Vema Channel on A10. Here we fix the velocity

field in the bottom triangles of the two station pairs that
sample the deepest part of the Vema Channel (station
pairs 10-11 and 11-12) so that the transport of bottom
water is comparable to that derived from other higher
density sections across the deep Vema Channel. We
linearly extrapolate the velocity shear over the 100 m
above the deepest common level for these station pairs.
This yields a flux of 3.49 Sv of water cooler than 2°C
with a level of no motion on the 2°C isotherm. Using
similar levels of no motion and water mass definitions
the bottom water flow through the deep Vema Channel
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F1G. 3. As in Fig. 2, but for the A10 section.

has been estimated to be between 2.7 and 4.5 Sv (Mc-
Donagh et al. 2002; Hogg et al. 1982; Hogg and Owens
1999).

2) WATER MASSES

The sections were split into 14 potential density lay-
ers (Table 3), including those used by SKb. These layers
subdivided the four main water masses. The uppermost
of these is surface water, which includes South Atlantic
Central Water. Although surface water is present ev-
erywhere, it is thickest in the subtropical gyre (STG),
that is, everywhere on A10, east of ~12°W on Al1, and
in the Brazil-Falklands confluence at approximately
53°W on All. The surface water is the warmest and

most saline water mass on the sections. Below the sur-
face water is intermediate water. This is distinguished
by the salinity minimum of Antarctic Intermediate Wa-
ter but also includes Upper Circumpolar Deep Water.
Intermediate waters enter the box from south of the
A1l section. Beneath the intermediate waters, North
Atlantic Deep Water is evidenced by a salinity maxi-
mum. NADW enters the box from the north. Below the
deep water the salinity decreases and the coldest water
on the sections is found in the bottom-water layer. This
layer includes Weddell Sea Deep Water formed to the
south of the box and Lower Circumpolar Deep Water,
which also enters the box from the south. The bottom
water has the highest silicate content of the sections.
Bottom water is present everywhere other than over
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TABLE 3. Layer descriptions.

Layer limits

0y <262
262 < 0, <26.8

1

2

3 268 <o0,<272

4 272 < 0y, 0y <320
5 320 <0, <3216
6

7

8

9

Surface water

Intermediate water

3216 < o, <3226

32.26 < 0y < 32.36
36.36 < 0y, 0, < 37.0
37.0 < 0y, 05 <415

Deep water

10 41.5 < o3 <41.54

11 41.54 < 05 < 41.58

12 4158 < o03<41.6 Bottom water
13 41.6 < 03 < 41.66

14 41.66 < 03

the Mid-Atlantic Ridge on A11. On A10 the northward
progression of bottom water into the Angola Basin is
limited by the Walvis Ridge.

b. Agulhas rings

Two Agulhas rings (Ring 1 and Ring 2) were sampled
at the eastern end of A1l (Fig. 1, Saunders and King
1995a; McDonagh et al. 1999). The presence of the
rings on the section raises two issues. The first is the
contribution of rings (transient features) to the heat
flux across All in addition to the “mean” flux calcu-
lated from the geostrophic velocity field and the tem-
perature field. SKb quantified the ring contribution to
the heat flux to be 0.05 PW (their Table 6). The second
consideration is the inclusion and interpretation of
transient features on a section. The main signature of
the velocity field around the rings is one of rotation.
This portion of the flow is mass compensating. Assum-
ing that the properties are symmetrically distributed
about the center of the ring, there will also be no net
effect on the property flux. However, the rings are also
advected in the geostrophic flow field. Using ring radii
(from the station spacing) of 56 and 104 km and tem-
perature excesses over the surroundings of 2.9° and
2.3°C for Ring 1 and Ring 2, respectively, gives a com-
bined heat flux of 0.02 PW above 700 m for each 1 cm
s~! that the rings are advected. Therefore, it follows
that the presence of the rings on the section and their
interpretation as part of the mean field will, given an
increase in the intensity of the gyre in which they are
embedded, be associated with an increase in the heat
flux, and vice versa. This is an increase in heat flux that
would not be present had the rings not been sampled,
all other things being equal.

This calculation shows that the presence of the rings
potentially has a significant effect on one of the key
results that we hope to diagnose. In order to properly
assess the effect of including the rings, we duplicate our
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experiments using a dataset that excludes the informa-
tion from within the rings. We deleted the CTD data
from the three stations that sampled the rings (12320,
12325, and 12326). We then simulated density profiles
at these stations by linear interpolation of the ambient
density field. The local temperature and salinity prop-
erties were then interpolated on density onto the simu-
lated profiles. The bottle data were simulated as de-
scribed in section 2 with the information from the three
stations within the rings excluded from the optimal in-
terpolation.

For the system described in this paper, the solution
that includes the rings had a heat flux across A1l that
was 0.08 = 0.14 PW larger than the solution with the
rings excluded. This was close enough to the predicted
(0.05 PW) contribution of the rings to the heat flux
across All that the solution with the rings on the sec-
tion was retained. This is the only solution presented
henceforth.

As some Agulhas Rings remain intact north of 30°S
(Byrne et al. 1995), they will also contribute to the heat
flux across A10. Byrne et al. (1995) used satellite altim-
etry data to trace the path of Agulhas rings across the
South Atlantic. Using their results, we estimate that
half of the rings that cross A1l remain intact north of
the A10 section at 30°S. Therefore the rings contribute
0.05 PW to the heat flux across A1l and 0.025 PW to
the heat flux across A10. The difference between the
heat fluxes across A1l and A10 (0.025 PW or 6 Sv °C)
is equivalent to the amount of heat injected into the box
by the rings as they are dispersed by mixing into the
ambient water. Examining the structure of the more
easterly of the two rings (deemed a “typical” Agulhas
ring by McDonagh et al. 1999) shows that the vast ma-
jority of this heat flux occurs in the surface layer. As the
uncertainty on the surface layer is large (*+24 Sv °C)
compared with this input of heat, we do not explicitly
include this source of heat for the surface layer in the
box.

c. Ekman

As described in the introduction, we use an average
or climatological representation of Ekman velocity. To
create this we use the Hellerman and Rosenstein (1983)
winds. This gives a northward volume flux of 5.6 Sv
across All and —0.4 Sv across A10. We allow for a
50% uncertainty in the A1l value and a 1 Sv uncer-
tainty in the A10 value. Although we use the mean
Ekman velocity field, we convolve this with the prop-
erty fields measured on Al1. The largest seasonal effect
is likely to be on temperature. SKb consider this and
conclude that using the January temperature field will
overestimate the annual average heat flux by no more
than 0.05 PW on All. This effect is equivalent to a
mass-compensated heat convergence of 12 Sv °C. The
effect is split between the top two layers. The uncer-
tainties in layers 1 and 2 are *24 and *£12 Sv °C, re-
spectively. We consider these uncertainties to be large



JANUARY 2005

TABLE 4. Adjustments to a single level of no motion to con-
struct the initial geostrophic velocity field.

Velocity
Station (ms™h)
pairs  (positive northward) Comments
A10 1-5 —0.2333 Brazil Current = =25 Sv
6-11 0.0170 Brazil Current recirculation
=7.5Sv
All —0.000 966 Zero net mass flux
All 14 0.1966 Falklands Current = 45 Sv
All —0.000 788 Zero net mass flux

enough to absorb the effects of the seasonal bias in the
Ekman temperature flux. The effect will be negligible
on A10 because of the small magnitude of the Ekman
volume flux there.

d. Referencing the geostrophic velocity field—
Initial state

The inverse procedure diagnoses variables (including
reference level velocities). In order to choose a solution
in this underdetermined system assumptions must be
made. We chose the solution that is closest to our initial
state (minimum weighted sum of squares of the solu-
tion variables). Therefore we require our initial state to
contain as much prior knowledge of the circulation as
possible. Initially we reference each section to a zero
velocity surface near the NADW-AABW interface
(03 = 41.55). Where this interface does not exist the
velocity was referenced to zero at the deepest common
level. We then included more information in the initial
velocity field by adding a single velocity offset to the
station pairs that spanned a feature (for example a
boundary current) to adjust the volume flux to a chosen
value. These modifications are given in Table 4. A sepa-
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rate velocity value was then added to each section to
compensate for net mass flux through the section
(Table 4). The fluxes associated with this initial state
are included in Table 5.

4. Method used
a. The inverse method
The problem is represented by an equation,
Ax + € = b,

where vector xis n X 1 (n rows, 1 column) and contains
the unknowns. The (m X n) matrix A contains infor-
mation about the geometry of the system and has one
row for each constraint, and the (m X 1) vector b con-
tains information about values to which the system is to
be constrained. The (m X 1) vector € is an error vector.
For example, for a single constraint of no mass flux
across the A10 section, the n columns of A would con-
tain station pair areas for A10 in the columns corre-
sponding to the A10 reference level velocities and be
zero elsewhere. Vector b would be of length unity and
contain the negative net mass flux across Al0 in the
initial field. Then adding the solution field to the initial
field will provide a final flux of zero. For any more than
one station pair this simple example is underdeter-
mined, and even with all of our constraints (described
below) the full system is underdetermined (i.e., there
are more unknowns than equations: n > m). We solve
the system Ax = b using a truncated singular value
decomposition (SVD). We employed the software suite
“DOBOX” (Morgan 1995), modified locally to incor-
porate some extra features.

Truncating the SVD is important. If the full rank
solution were used, all the equations would be satisfied
exactly. However, we know that the equations contain

TABLE 5. Constraints additional to property conservation in layers. Uncertainties are equivalent to one standard deviation. Trans-
ports (Sv) are positive northward. For reference, the shipboard station numbers corresponding to the western and eastern limits of the
constraints are listed. Station pair numbers are west to east along the sections. In our inversion, A11 (91 stations) has station pairs 1-90;
A10 (111 stations) has station pairs 91-200. All mass constraints are in Sverdrups ( 10° m?® s™).

Shipboard station

Station pairs Nos. Initial (Sv) Constraint (Sv) Solution (Sv)
All
Falkland Current 1:4 12247:12251 45.0 45 10 427+ 6.5
Eastern boundary current 86:90 12332:12327 1.7 -5*2 -51%19
Cape Basin AABW 58:84 12304:12333 -0.2 0x0.5 -0.1+05
Argentine Basin AABW 7:50 12253:12297 =7.0 6+1 56=*1
Net mass transport 1:90 12247:12327 0.0 0x4 09=*=32
Al10
Brazil Current 91:95 622:627 =25.0 -25*10 -173 £33
Brazil Current recirculation 96:101 627:1 7.5 75%5 7449
Vema Channel AABW 91:120 622:20 44 2+1 22=*1
Brazil Basin AABW 128:149 27:49 0.8 3x1 32=+1
Cape Basin AABW 170:200 69:100 0.3 0x05 0.1=*x05
Net mass transport 91:200 622:100 0.0 04 0832
Eastern ends of sections 86:90, 196:200 12332:12327, 95:100 0.0 0=*+0.5 0.0 = 0.5
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errors, the size of which can be estimated. To satisfy the
equations exactly using the full rank solution would
introduce noise and detail for which there is no justifi-
cation. Furthermore, there is an inherent redundancy in
the equations. For example, the equation for conserva-
tion of total salt is not independent of the equation for
conservation of volume. To a certain extent this effect
can be removed by use of layer anomalies for tempera-
ture, salt, and other tracers.

We chose to truncate the SVD at a rank (number of
eigenvector/eigenvalue sets) where the residuals for
each equation (the difference between Ax and b) are
less than twice the uncertainty for that equation (given
in the constraint column of Table 5). This is the simplest
solution vector that satisfies each constraint to within
2¢;. For the A10 net flux constraint this would mean a
residual of less than 8 Sv (Table 5). Increasing the rank
reduces the size of the residuals but adds noise rather
than insight.

b. Unknowns

We solve for 90 reference level velocities on A1l and
110 reference level velocities on A10. The initial geo-
strophic field is set up to best reflect our knowledge of
the circulation (described above). We describe pertur-
bations to this as the addition of a reference level ve-
locity and so, by definition, the reference level veloci-
ties are initially zero.

Mclntosh and Rintoul (1997) found that in order to
obtain an accurate set of reference level velocities in
their analysis of GCM output it was very important to
include some form of interlayer exchange. Here, mixing
is accommodated between layers in the box by the in-
clusion of an interlayer velocity (w) and a diffusive-type
mixing (k,). The diffusive mixing coefficient acted on
the average of the vertical gradient of a property over
50 m centered on the layer—layer interface. The gradi-
ent was estimated from data on the perimeter of the
box. The vertical velocity acts uniformly over the area
of the box, or less if a layer intersects the sea surface or
seabed. Therefore we also solved for 13 w and 13 k,
variables to allow mixing at the interfaces of each of the
14 layers. The w and k, variables were initialized to be
zero.

Interaction with the atmosphere is included via a
freshwater flux and a heat flux at the ocean surface.
These two variables are constant over the whole box
and act on the layers that outcrop (layers 1 and 2). The
proportion of the area over which a layer outcrops in
the box is assumed to be equal to the fraction of the
section lengths over which it outcrops. Layer 1 has 81%
of the outcrop area, equal to 6.7 X 10" m?. Layer 2 has
19%, equal to 1.6 X 10'> m?. The freshwater and heat
fluxes were initialized to be 7 mm month™' (0.01 Sv)
and 0 W m ™2 The freshwater flux (positive out of the
ocean surface) represents an annual mean from the
SOC climatology (Josey et al. 1999). The 30 W m 2
global bias in the surface heat fluxes of SOC climatol-
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ogy meant that we rejected the —20 W m ™2 climatology
mean for the box and initialized the surface heat flux at
0Wm =2

The final two variables are corrections to the Ekman
flux on A10 and Al1l. They represent a single offset
(i.e., assumed to be a uniform volume flux per kilome-
ter of track) to the Ekman volume flux across the whole
section. These were initially set to zero.

c. Constraints

We applied constraints to conserve volume, potential
temperature, and salinity in each layer within the box.
We also constrained the top-to-bottom convergence of
volume, potential temperature, salinity, and silicate
within the box. The exact formulation of the variables
that were constrained is described below. The uncer-
tainties on each of these constraints (the formulation of
which is described in the next section on row weighting)
are shown in Table 6.

Rather than conserving a property (e.g., salinity) in a
layer we conserved a layer anomaly (e.g., salinity minus
layer-average salinity). The importance of using
anomalies is discussed by McDougall (1991). These
layer anomaly variables are used for potential tempera-
ture, salinity, and silicate. Constructing constraints
from anomaly variables in this way improves the con-
dition of the system by reducing the dependence of the
property equations on the volume (mass) equations.
Top-to-bottom property conservation was also im-
posed. Top-to-bottom property equations were con-
structed for an anomaly from the average concentration
in the layer for which the product of mass uncertainty
and property standard deviation is largest. This is the
surface layer for salinity and potential temperature, but
is middepth for silicate. This is designed to decouple the
anticipated large mass variance in the surface layers
from large values of the property anomaly concentra-
tion, which would lead to erroneous sources and sinks
of that property. This scheme for top-to-bottom con-
servation is described by Ganachaud (1999).

In addition to these 46 constraints (14 layers and top-
to-bottom, three variables plus top-to-bottom in sili-
cate; Table 6) are 12 constraints based on our prior
knowledge of the circulation (see Table 5). The five
A11 additional constraints are the same as those used
by SKb. On A10 we constrain the Brazil Current and its
recirculation based on the work of Zemba (1991). The
southward transport of the Brazil Current that we use
(25 = 10 Sv) is consistent with the transport of 22.4 *
11.3 Sv that Miiller et al. (1998) deduced from current-
meter records. A detailed study of the Vema Channel
has shown a southward recirculation of 1.5 Sv of bottom
water on the eastern flank of the Vema Channel (Mc-
Donagh et al. 2002). This recirculation is to the east of
the deepest part of the Vema Channel (which has been
the focus of most previous studies) and contains a
lighter, shallower form of the bottom water. Based on
this we conserve the Vema Channel throughflow to be
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TABLE 6. Uncertainties for layer and top-to-bottom constraints. Prior uncertainties are formulated as described in the text.
Posterior uncertainties (in parentheses) are calculated following the method and assumptions of McIntosh and Rintoul (1997).

Potential Silicate
Layer Mass (Sv) temperature (Sv °C) Salinity (Sv psu) (Sv wmol kg™ 1)

Surface water 1 4 (2.8) 242 (21.2) 4.32 (3.05)
2 4 (3.4) 11.9 (11.3) 2.89 (1.38)

Intermediate water 3 2 (1.9) 4.1 (3.9) 0.51 (0.40)
4 2 (1.8) 1.6 (1.6) 0.22 (0.21)

5 2 (1.8) 1.0 (0.8) 0.13 (0.13)

6 2 (1.8) 0.6 (0.5) 0.08 (0.08)

Deep water 7 1 (1.0) 0.3 (0.3) 0.05 (0.05)
8 1(1.0) 0.3 (0.3) 0.05 (0.05)

9 1 (1.0) 0.4 (0.4) 0.07 (0.06)

10 1 (1.0) 0.4 (0.4) 0.07 (0.07)

11 1 (1.0) 03 (0.3) 0.05 (0.05)

Bottom water 12 1 (1.0) 0.2 (0.2) 0.04 (0.04)
13 1(0.9) 0.4 (0.4) 0.04 (0.04)
14 1(0.9) 0.1 (0.1) 0.004 (0.004)

Top to bottom 5(3.1) 30.5 (24.5) 4.5 (3.5) 533 (52.8)

2 = 1 Svon A10. We constrain the bottom-water trans-
port through the Brazil Basin east of the Rio Grande
Rise on A10to be 3 = 1 Sv. This is based on the bottom
water transport through the Hunter Channel of 2.9 *
1.24 Sv calculated by Zenk et al. (1999). As on All,
where there are no bottom water escape routes to the
north, we conserve the net bottom-water flow in the
Cape Basin on A10 to be 0 = 0.5 Sv. We use the same
net volume flux uncertainty on A10 as on All (0 = 4
Sv). In addition to this we constrain the eastern ends of
the two sections (within 200 km of one another) to have
0 = 0.5 Sv divergence between the sections.

d. Row/column weighting

1) ROW WEIGHTING

This involves premultiplying the matrix A by W,
(where W? is the prior equation error covariance ma-
trix); W, is square (m X m) with one row for each
equation. We assume all errors are uncorrelated and so
W, is diagonal. When weighted, each row of A is effec-
tively divided by the product of the mass uncertainty
and the property standard deviation for that layer. This
standard deviation is doubled to account for variations
in the baroclinic field (Ganachaud 1999). For the top-
to-bottom equations the maximum layer product for
that property is used as a weight. This comes from the
surface layers for salinity and potential temperature,
but is middepth for silicate. The silicate weight is
doubled again to account for uncertainties in the sili-
cate budget and the interpolation scheme.

2) COLUMN WEIGHTING

Here A is postmultiplied by a square diagonal matrix
(n X n) with the same number of rows as variables, W_;
W2 is the prior solution error covariance matrix. The

elements of W, are the combination of several contri-
butions. We construct W, as the product of a “relative-
size” component W, and a “magnitude” component
W, Leaving out the error term, the constrained sys-
tem becomes

(AWcrel) (W 71X) = b

To account for the different size and units of the dif-
ferent types of unknown variables, we require the ele-
ments of W_,}, to be 1/a; so that each variable is scaled
by an estimate of its expected size (Table 7). We now
have A'x’ = b and, for example, A’;; = A,,0,. The
system of equations can be further written as
(A'W, Wcmag’lx’ =b.

Here the elements of W, are chosen to account for
the size of the elements in the A’ matrix. If the elements
of A’ are station pair areas, and if W, was the identity
matrix, the elements of W,,,, would be chosen to be
1/\/(area). This would ensure that a single constraint
adjusting an entire section to a volume flux of zero
would result in a uniform velocity offset rather than one
that depended on the water depth or station spacing.
Since A’y; = A0y, we choose W..,,... ; = 1/\/(area; X ;).
Hence the elements of W, would be a/\/(area; X ;)
= \/(o;area;).

There is one further component of W.. In the case

crel

cmag)

TABLE 7. Standard deviation of variables for column weights.

Variable Std dev

1072ms™!

10 8ms 'or0.1Sv
1074 m?s !

107¥ms ! or 0.1 Sv
12W m 2 or 0.1 PW
2.8 Sv

1Sv

Reference level velocity

w (interface velocity)

k. (effective diffusivity coefficient)

E—P (surface freshwater flux)

H (surface heat flux)

Correction to Ekman volume flux (A11)
Correction to Ekman volume flux (A10)




118

where the only unknowns are reference-level velocities,
and elements of A are station pair areas, the choice of
W, is straightforward. We consider first the case of
Ekman flux, which contributes to the upper two layers
only. The formulation of W, described so far has the
Ekman flux columns weighted for the upper 60 dbar
times the section track length, and the reference-level
velocities weighted for the full water column area. If we
consider just the surface-layer conservation equations,
it is apparent that the relative weight between the Ek-
man columns and the reference level velocity columns
should be based on the station pair surface layer areas
instead of station pair total water column areas. The
reference level velocity column weights should there-
fore be larger relative to the Ekman column weights,
and we include a further factor in the Ekman column
weights of f; = \/(60/4420) ~ 0.1.

Similarly, the contribution to fluxes from interfacial
terms contribute mainly in conservation equations for a
single layer in which the station pair areas are calcu-
lated from that layer and not from the full water depth.
Since we have 14 density layers, we reduce the column
weight for these terms by a factor f; = \/(1/14) ~ 0.3.
For the reference level velocity columns, f; = 1.

e. Uncertainties

The posterior covariance was calculated following
the method and assumptions of McIntosh and Rintoul
(1997). The main assumption is that the ensemble
mean, or initial estimate, of the solution is zero. This is
consistent with setting up an initial state that we believe
to be as close to the solution as possible.

5. Features of the solution circulation

a. Surface and intermediate waters

On A10, the surface and intermediate layers have a
southward flow between South America and 42°W,
with a northward return over the remainder of the sec-
tion (Fig. 4a). This is typical of an intense western
boundary current and return flow over the rest of the
subtropical gyre. The flow is disrupted by southward
flow on the western side of the Brazil Basin. Boebel et
al. (1997), who deduced flow patterns from float tracks,
observed disruption of the intermediate water flow up-
stream of the Rio Grande Rise. This solution indicates
that the enhanced northward flow that they observed
immediately to the east of the Rio Grande Rise is pre-
ceded (in the sense of being upstream) by a southward
excursion of the flow in a region where there were no
float data.

On All, the major feature near South America is the
Falkland Current and return circulation and its conflu-
ence with the Brazil Current (Fig. 4b). Nothing new is
noted here. The extension of the Falkland Current into
the sub-Antarctic front (SAF) accumulates as north-
ward flow across the west part of the section. When the
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section turns northward at 15°W, the accumulation of
these layers returns toward zero and crosses zero net
flow at 12°W (Fig. 4b).

Examination of the temperature-salinity (T-S) prop-
erties shows that the position of the subtropical front
(STF)—that is to say, the boundary of the subtropical
gyre (STG) on All—is between stations 12301 (12°W)
and 12302 (11°W) for the surface layer and between
stations 12299 (14°W) and 12300 (13°W) for the inter-
mediate layer. East of station 12301 (12°W) we see me-
soscale variability superposed on an anticyclonic circu-
lation. The section cuts the edge of the STG, and the
strength of circulation sampled by the section is of the
order of 8 Sv in each of the surface and intermediate
layers. In addition to the anticyclonic circulation there
is a northward flow of surface water at the eastern end
of the section. The net northward flow is 10.1 Sv east of
station pair 12301-12302 (11.5°W) in the surface and
—1.9 Sv east of station pair 12300-12301 (13.5°W) in
the intermediate layer. We will return to discussion of
these net flows later.

b. Deep water

At A10, the deep western boundary current is 20 Sv,
which reduces to 10 Sv at the latitude of A1l (Fig. 4).
The remainder escapes to the east. This is consistent
with the results of Vanicek and Siedler (2002) who find
10 = 5 Sv of NADW moving eastward across a 25°W
section between the A10 and A11 sections. There is a
pronounced southward flow west of the Mid-Atlantic
Ridge (MAR) and over the Walvis Ridge; there is no
significant deep boundary current at the eastern end of
A10. This pattern of southward flow over the Walvis
Ridge at about 30°S and the absence of a deep south-
ward current on the African boundary is consistent with
the schematic of Stramma and England (1999, their Fig.
5). It is also consistent with the fact that the deep-water
salinity maximum was higher over Walvis Ridge
(34.879) than at the eastern boundary (34.874) on A10.

At All, the cumulative flow in the rest of the Ar-
gentine Basin (east of the deep western boundary cur-
rent) is northward and, as for the intermediate layer, is
dominated by the SAF. West of the MAR, the SAF
appears to take an excursion to the north so that be-
tween stations 12292 (21.7°W) and 12299 (14°W) there
is a total northward flow of 30 Sv. Heywood and King
(2003) report that at 35°W the SAF transports 57 Sv
eastward across 150 km of north—south track. There-
fore a northward excursion of the front of 80 km would
mean that All would sample about one-half of the
SAF transport and would account for the 30-Sv trans-
port observed between 12292 and 12299. This equator-
ward excursion is consistent with the tendency to re-
duce the planetary vorticity as the current moves over
the shallower topography of the MAR.

In the Cape Basin, the deep flow on A1l is part of a
cyclonic gyre, with magnitude about 15 Sv. The south-
ward flow at the eastern side of the cyclonic gyre is
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FIG. 4. Transport (Sv, positive northward) cumulated from the western end of the section for
(a) A10 and (b) A1l. Transports of surface (+), intermediate (o), deep (*), and bottom (A)
water are shown as well as the total transport (thick line). The thin line shows the pressure of
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the bathymetry in each plot.

augmented by a southward deep boundary current that
is also of magnitude 15 Sv. The net southward flow of
deep water is 21.0 Sv.

c. Bottom water

The net flows of bottom water are largely determined
by the constraints applied. On A11, there is a boundary
current at the foot of the slope at the western end of the
section and a number of local circulations. 